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ABSTRACT
We characterize the first 40 Myr of evolution of circumstellar disks through a unified study of the
infrared properties of members of young clusters and associations with ages from 2 Myr up to ∼40
Myr: NGC 1333, NGC 1960, NGC 2232, NGC 2244, NGC 2362, NGC 2547, IC 348, IC 2395, IC
4665, Chamaeleon I, Orion OB1a and OB1b, Taurus, the β Pictoris Moving Group, ρ Ophiuchi, and
the associations of Argus, Carina, Columba, Scorpius-Centaurus, and Tucana-Horologium. Our work
features: 1.) a filtering technique to flag noisy backgrounds; 2.) a method based on the probability
distribution of deflections, P (D), to obtain statistically valid photometry for faint sources; and 3.)
use of the evolutionary trend of transitional disks to constrain the overall behavior of bright disks.
We find that the fraction of disks three or more times brighter than the stellar photospheres at 24
µm decays relatively slowly initially and then much more rapidly by ∼ 10 Myr. However, there is a
continuing component until ∼ 35 Myr, probably due primarily to massive clouds of debris generated
in giant impacts during the oligarchic/chaotic growth phases of terrestrial planets. If the contribution
from primordial disks is excluded, the evolution of the incidence of these oligarchic/chaotic debris
disks can be described empirically by a log-normal function with the peak at 12 - 20 Myr, including
∼ 13 % of the original population, and with a post-peak mean duration of 10 - 20 Myr.
Keywords: circumstellar matter — infrared: planetary systems — methods: observational — planets
and satellites: formation
1. INTRODUCTION
Most, if not all, young stars are born with circumstellar disks of gas and dust, which later give rise to planetary
systems. Through a number of processes, protoplanetary disks lose most of their mass, including all primordial gas,
within a few million years after their formation (Armitage 2011; Williams & Cieza 2011; Gorti et al. 2016). However,
the formation of terrestrial planets through collisions and mergers of the remaining planetesimals can continue for tens
of millions of years (e.g., Kenyon & Bromley 2006, 2008; Morishima et al. 2010; Steward & Leinhardt 2012; Chambers
2013; Raymond et al. 2014) and can result in a renaissance of a dusty disk through planetesimal collisions (Genda
et al. 2015). The pattern by which disks fade over their first ∼ 100 Myr provides clues to these processes, including
dispersal by viscous accretion and photoevaporation, loss of dust grains by photon pressure and Poynting-Robertson
drag, and through the consequences of the formation and migration of planets (e.g., Gorti et al. 2016).
Over this entire time span, disks are marked by strong optical scattering and infrared and submillimeter emission
by dust, which arises from primordial dust in the protoplanetary disks that are prominent for the first ∼ 5 - 10 Myr,
and from second generation dust in the debris disks that come to the fore later. Different disk zones and particle
sizes are probed in these dusty disks at different wavelengths, e.g., in optically thin (debris) disks sub-µm particles are
most efficient at scattering, and small particles in the inner disk are also dominant in the near-infrared emission, while
the far infrared reveals disk components at tens of AU from their stars, and the submm is the realm of larger grains
that mark the positions of the parent bodies whose collisions yield the dust seen at shorter wavelengths. Imaging in
the optical with HST (e.g., Schneider et al. 2014) and recently in the near infrared with extreme AO systems (e.g.,
Macintosh et al. 2014) has mapped disks in scattered light. Infrared observations with IRAS, ISO, WISE, Spitzer,
hyameng@lpl.arizona.edu
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Herschel, and in the brightest cases from the ground, have made substantial contributions to our understanding of disk
evolution as seen in the emitting dust. Millimeter-wave facilities such as SCUBA, SMA, and ALMA have provided
insights to the location of the parent bodies from which the grains seen at shorter wavelengths are generated.
A critical parameter to characterize disk dissipation and planet formation is the time evolution of these various
disk components. Statistical studies, mostly in the wavebands from 2 µm to 8 µm, have constrained the dissipation
timescale of the inner zones of protoplanetary disks (e.g. Haisch et al. 2001; Hartmann 2005; Hillenbrand 2005; Bricen˜o
et al. 2007; Herna´ndez et al. 2007a; Wyatt 2008; Mamajek 2009; Pascucci & Tachibana 2010; Williams & Cieza 2011;
Ribas et al. 2014; Cloutier et al. 2014). Starting with the pioneering study by Haisch et al. (2001), all of this work has
converged on the conclusion that the fraction of disks above a given detection threshold decays exponentially with a
decay timescale of ∼ 3 Myr. The 10 µm observations, though with poorer statistics, are consistent with this timescale
(Aumann & Probst 1991; Mamajek et al. 2004; Hillenbrand 2005). A similar timescale is deduced for the outermost
disk regions from the general absence of sub-mm emission from systems that do not also have near infrared excesses
(e.g., Andrews & Williams 2005; Williams & Cieza 2011). The disk lifetime for higher mass stars is even shorter
(Haisch et al. 2001; Andrews & Williams 2005; Mamajek 2009; Fedele et al. 2010).
It has been assumed that disk dissipation in the giant planet forming zones that dominate disk emission between
20 and 40 µm follows a similar timeline (Pascucci & Tachibana 2010). This is a demanding constraint on theories of
giant planet formation (e.g. Rafikov 2011). However, the physical evolution in this region could well differ from that
in the regions that dominate at shorter and longer wavelengths. Models of viscous accretion and photoevaporation
predict that the mid-disk region, roughly coincident with the range for giant planet formation, should be the slowest
to dissipate (Gorti et al. 2015). After the primordial disks have faded, the growth of oligarchics and their subsequent
merger into terrestrial planets should also produce copious dust in dense debris disks. The best available means to
explore these processes is the sensitive measurements at 22 and 24 µm with WISE and Spitzer. However, such studies
have been hampered by the need to extend them to relatively distant clusters and associations where the measurements
do not reach the photospheres of most of the target stars. The most ambitious effort (Ribas et al. 2014, 2015) assumes
an exponential decay at 22 - 24 µm as has been found at the shorter wavelengths, but the uncertainties in the fitting
parameters are large and the possibility of a different decay behavior is not excluded. For example, Currie et al.
(2008a,b) suggest that an exponential decay similar to that at shorter wavelengths is followed by a second peak in disk
incidence, attributed to the development of massive debris disks, whereas Ribas et al. (2014, 2015) fit the behavior
with a single exponential with a longer time constant than applies at the shorter wavelengths.
In this paper, we explore disk evolution at 24 µm, introducing three innovations to improve on previous studies:
1.) we introduce a digital filtering approach to eliminate from the study stars with potentially contaminated 24 µm
data; 2.) we use a statistical method to constrain the number of faint sources below the detection limit for individual
objects as a way to mitigate the inability of Spitzer to probe enough clusters to the deep limits desired; and 3.) we
use the behavior of transitional disks, the final stage of evolution of protoplanetary disks prior to their dissipation, as
an additional constraint on disk behavior.
We have organized the paper as follows. In section 2, we describe our sample and age estimates. Appendices A
and B provide more details on the clusters and associations from which we have drawn samples of stars for the study.
Section 3 introduces the 24 µm data reduction and matching of infrared sources to cluster members. This section also
introduces the digital filtering approach, which is described in more detail in Appendix C. In Section 4, we discuss
the 24 µm excesses associated with disks and their time evolution, including use of statistical methods to extend the
treatment to levels of disk emission below the individual-source detection limit. In this section, we also introduce
the use of the transitional disk evolution as an additional constraint on the overall decay of disk incidence, requiring
this decay to be non-exponential. Section 5 expands on these results, showing how the decay of 24 µm excesses is
consistent with theoretical models of dissipation in the giant-planet-forming zones, and that there is a longer-lasting
population of prominent disks possibly associated with giant collisions in the olligarchic/chaotic phase of terrestrial
planet formation. Section 6 summarizes our conclusions.
2. CLUSTER AND ASSOCIATION MEMBERSHIP, AGES, AND COMPLETENESS LIMITS
2.1. Membership
For our study, we first identified young clusters and associations with a significant number of members and high-
quality Spitzer observations. At the older ages, we supplemented this list with a small number of cases where WISE
data have adequate sensitivity. We proceeded to analyze only those clusters where high-quality membership lists were
available from the literature, as discussed individually in Appendix A. In the case of NGC 2244, we assembled existing
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material into a comprehensive membership list for this work (see Appendix B).
Our results would be undermined if the memberships had a significant number of stars with incorrectly identified
infrared excesses. Therefore, we applied a digital filter to identify and eliminate cluster members on complex back-
grounds that would significantly reduce the accuracy of the 24 µm photometry (and potentially yield false excesses at
this wavelength). Our approach is similar to a selection method used previously on the basis of root median square
deviation by e.g., Megeath et al. (2012), with some additional criteria.
2.2. Ages
A recent revision of age estimates (e.g., Bell et al. 2013, 2015) has resulted in larger values for most stars younger
than 15 Myr than had been derived previously. We will distinguish this revised age scale from the traditional one.
For ages > 15 Myr, there is general agreement on ages as based on lithium absorption (Soderblom et al. 2014). We
discuss the age estimates for each cluster/association in Appendix A. To obtain a homogeneous set of traditional ages,
we gave priority to those listed in the review by Eric Mamajek (Mamajek 2009). When necessary, we have assigned
ages on the revised scale according to similarity in published HR diagrams with clusters/associations with directly
determined ages. The two scales place the clusters/associations in a similar order but differ by up to a factor of two
in the absolute values. We carry out our analysis on both scales to demonstrate that our conclusions are independent
of which is used.
2.3. Completeness
An inherent issue with studies of stellar clusters is the large range of distances and the resulting range of detection
limits when converted, e.g., to stellar mass. The stellar clusters/assocations in this work span nearly two orders of
magnitude in distance, from nearby moving groups with member stars within 20 pc to the farthest cluster at 1.5 kpc.
Two types of “limits” are relevant in considering the effective range of our disk census. Given the membership list
of a cluster or an association, first, we have a completeness in stellar mass, Mlist,cpl, above which all member stars
are likely already identified and included in the list. To determine the completeness limits of the photometry, we
constructed luminosity functions in terms of the IRAC 3.6 µm magnitudes and estimated the limits as the magnitude
where the functions turn over. Converted to masses, the limits are ∼0.5 M at 300 pc and /sim 1 M at 1.3 kpc.
Because of the shallow dependence of absolute K (and IRAC) magnitude on stellar mass, the resulting range in Mlist,cpl
is modest and the trend nearly monotonically depends on cluster distance.
Second, depending on the distance and the depth of the MIPS image, there is a mass limit for each cluster to which
the 24 µm measurements can detect stellar photospheres, Mdet,ph. Although this mass is sometimes taken to limit 24
µm disk detections, studies focussing on large excesses are limited at a somewhat lower mass limit so long as Mlist,cpl
< Mdet,ph. That is, in this case all of the disks can be detected to a lower mass limit than applies to the photospheres
alone. In section 4.1, we introduce a new method to estimate, on a statistical basis, the disk brightnesses around
member stars that are not individually detected at 24 µm. With the new method, we can extend the mass limit for
disk detection at our adopted excess level down to ∼ 1.2 M even in the least favorable clusters, e.g., NGC 1960.
3. DATA PROCESSING
For JHK and IRAC bands 1 - 4, we used publicly available/published measurements. However, we utilized approaches
at 24 µm that required high quality new reductions.
3.1. Source Matching and Photometry
We re-measured MIPS 24 µm photometry for all the clusters except for a few noted in Appendix A. We obtained
the 24 µm data from the Spitzer Heritage Archive as summarized in Table 1. To extract the best possible photometric
precision, throughout this work, we use only the mosaic images prepared by the MIPS Data Analysis Tool (Gordon et
al. 2005) with post-pipeline processing to improve the flat fielding and to remove instrumental artifacts (Engelbracht
et al. 2007). The pixel scale in the final mosaics is 1.245′′ pixel−1. This improved pipeline and calibration procedure
produces high-quality mosaics with uniform photometric properties; the rms systematic photometric errors are well
below 2% (See Appendix C.2 in Rieke et al. 2008).
The open cluster IC 348 was observed in 8 epochs to search for variability (e.g., Flaherty et al. 2012). The depths
of the images captured in each epoch are nearly identical. In this work we make measurements of stars on each
image separately. The final photometry adopted is the average of all 8 measurements, and the error is their standard
deviation. A fraction of Sco-Cen members were also observed in multiple epochs, where the same treatment is applied.
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To associate 24 µm detections with those at shorter wavelengths, we start with the 2MASS (or [3.6]) positions for
the member stars (whether the source is detected or not at 24 µm), and convert them to image coordinates based on
the standard world coordinate system (WCS) pointing information in the MIPS image headers. The astrometric error
is expected to be on the sub-arcsecond level in 2MASS, and no worse than 1′′ in the MIPS images for stars with a high
signal-to-noise (S/N) ratio. In identifying detections, a tolerance of 1.6 pixels (= 2.0′′) is allowed to accommodate the
lower S/N for many sources. This matching radius was selected to include virtually all of the bona fide matches but
to minimize contamination by background sources; the study by Balog et al. (2016) demonstrates this performance.
Since the members are identified in the optical and near-infrared where stellar photospheres are brighter, many stars
in the membership lists are not individually detected at 24 µm. The sources that are detected individually make up our
“primary sample”. Classical PSF-fitting photometry was performed on the primary-sample cluster members with the
DAOPHOT package in IRAF1. Because the MIPS 24 µm PSF is very stable among data obtained at different times,
instead of constructing a PSF from real stars in the images, we use a smoothed STinyTim simulated PSF (Krist 2006)
for all the photometry (Engelbracht et al. 2007). We have found this procedure to give very accurate photometry.
The PSF fit was optimized within the 2′′ positional uncertainty. To avoid interference from nearby bright sources or
nebulosity, the PSF fitting was confined within fixed apertures with aperture correction factors determined from the
simulated PSF. After some tests an aperture radius of four pixels (5′′) was adopted for all clusters. To estimate the
sky emission level under the PSF, sky annuli were determined cluster by cluster depending on the overall complexity
of their respective sky backgrounds. As a general strategy we used small sky annuli to avoid serious background
interference (see Table 1).
For each cluster, stars with low fluxes at 24 µm were inspected to determine the detection limits at which a stellar
PSF became apparent in the images. Since the youngest clusters often have nebulous sky background, these limits
vary significantly depending on the local sky appearance, typically corresponding to a nominal S/N ∼ 3-4 for areas
with clear and stable background, and up to &8 for clusters on very complicated background, like IC 348. Table 1 lists
the MIPS observations, as well as the photometric parameters used and the detection limits for each of the clusters.
We consider stars with PSF-fitted flux densities lower than these image detection limits as undetected. However, some
stars on complicated sky background with low PSF-fitting S/N ratios appear to have large measured flux densities in
aperture photometry. The photometry in such areas is mostly unreliable, and is dealt with using a filtering process
introduced in Appendix C. This filtering is similar to that used by Megeath et al. (2012) but with additional criteria to
make it more selective. The basic idea of the filtering with both approaches is to eliminate the photometry on “bad”
sky background. Such a position-based process is expected only to scale down the population of our sample, but to
introduce no selection effects in terms of the statistical properties of the stars. Cluster members on clean background
but not detected at 24 µm comprise our “secondary sample.” For them, we obtain aperture photometry at the 2MASS
positions with no recentering. Negative flux densities are allowed, since they could be natural results of statistical
noise for non-detections and of unfavorable positions with respect to local bright regions on sky background.
Our photometry is summarized in Table 2.
3.2. Determination of Relative Excesses at 24 µm
With the population of member stars (filtered to remove cases likely to be contaminated by complex backgrounds),
we can determine the fraction of cluster and association members with 24 µm excesses. We define “relative excess”,
or the excess-to-photosphere flux ratio, as
 =
F disk24
F ∗24
=
F obs24 − F ∗24
F ∗24
, (1)
where F obs24 is the observed flux density, F
∗
24 is that expected from the stellar photosphere, and F
disk
24 is the deduced
contribution from the disk. That is,  is the 24 µm excess emission in units of photospheric brightness. Such relative
measurements have the important advantage that they are not a strong function of stellar mass, and thus have been
widely used in previous studies of circumstellar disks (e.g. Wyatt 2008; Ga´spa´r et al. 2009; Sierchio et al. 2010).
The photospheric brightnesses at 24 µm are extrapolated from IRAC 3.6 µm photometry, except for the β Pic
Moving Group (BPMG) and the three subassociations of Sco-Cen where the extrapolations are based on the 2MASS
KS photometry because it is more complete. We adopt 3.6 µm because data at longer wavelengths are more likely
to have excess emission that is correlated to the 24 µm photometry and thus may not be indicative of the bare
1 IRAF is distributed by the National Optical Astronomy Observatories, which are operated by the Association of Universities for
Research in Astronomy, Inc., under cooperative agreement with the National Science Foundation.
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stellar photospheres, while the radiation at shorter wavelengths is likely to have suffered from more severe interstellar
extinction that is nonuniform even within the same cluster. However, some young stars also have infrared excess at
this wavelength (e.g. Haisch et al. 2001). These 3.6 µm relative excesses are generally much smaller than their 24
µm counterparts, and mostly fade out in a few Myr (e.g. Haisch et al. 2001; Wyatt 2008; Mamajek 2009). Therefore,
we treat the 3.6 µm photometry differently for clusters younger than and older than 6 Myr old (on the revised scale,
corresponding to ∼ 3 Myr on the traditional one). We discuss these two cases next.
3.2.1. Clusters Younger than 6 Myr
We include six clusters/associations younger than 6 Myr (3 Myr on the traditional scale), where we need to take
account of possible excesses at 3.6 µm: Taurus, ρ Oph, Cha I, NGC 1333, NGC 2244, and IC 348. The first three
are relatively large associations with reasonably well-behaved backgrounds; we adopt their 24 µm photometry directly
from the literature, as introduced in Appendix A. The latter three, however, required new reductions and analyses of
the MIPS data. We discuss our procedure for these three clusters in this section.
The first step in analyzing these results was to apply the digital filter (Appendix C) to eliminate all measurements
likely to be contaminated significantly by diffuse emission. The second step is to estimate the extinction levels. The
extinction, AV , of IC 348 has been fitted for most member stars based on their spectral energy distribution (SED) in
the optical and near infrared (Lada et al. 2006). For NGC 1333 where most stars (and all post-filtering members) are
later than K4, we use the AV values in Luhman et al. (2016). For NGC 2244, we find no optical observations for most
of the stars in our membership lists2, and we have to use J vs J −H to determine the extinction. For the extinction
law, we adopt AV /AKS = 8.8, AJ/AKS = 2.5, and AH/AKS = 1.55 (Indebetouw et al. 2005; Flaherty et al. 2007). In
addition, we adopt Aλ/AKS = 0.45 for λ between 3.6 µm and 24 µm (Indebetouw et al. 2005; Flaherty et al. 2007;
Chapman et al. 2009; Fritz et al. 2011). The approximation is valid because the extinction curve is almost flat from
the IRAC bands to 24 µm (e.g., Flaherty et al. 2007; Chapman et al. 2009).
We then use the extinction-corrected measurements in a color-magnitude diagram to identify and estimate any
excesses at 3.6 µm, and correct our estimates of the excesses at 24 µm accordingly. For young stars with 3.6 µm
excess, a conventional way to obtain the photospheric output is to examine a color-color diagram in the J , H, and 3.6
µm wavebands. However, color-color diagrams are not monotonic with stellar type in the JHK[3.6] range, so we turn
to the color-magnitude diagram J vs. H − [3.6]. Since all stars in a cluster have practically the same distance from
us, their dereddened magnitudes are mutually comparable. The J magnitude, as well as the H − [3.6] color, are both
monotonic with stellar mass. Hence, this color-magnitude diagram provides a valid relation to determine the 3.6 µm
photospheric output.
There are a small number of stars (. 10% of the total in any cluster) for which we are unable to determine 3.6
µm excesses (e.g., stars without 2MASS detections). To reduce any resulting bias in our results, we estimate the
photospheric levels for these stars assuming that they all have excesses that are the same as the average for the stars
where we can determine the excesses individually. This may underestimate or overestimate the 3.6 µm photospheric
output of individual stars. However, for the stars with individually estimated 3.6 µm photometry, the resulting
correction to the excess at 24 µm is small, so the necessary scatter around the average for the remaining small number
of stars will have little effect on our results.
With these corrections, we derive the 24 µm flux density of the stellar photospheres, F ∗24, by the Rayleigh-Jeans
relation from the 3.6 µm values. We use this approach because we do not have spectral types for the majority of the
stars. We have found that the measured [3.6] − [24] color is within 10% of the Rayleigh-Jeans value for stars earlier
than M-type, and the maximum offset for stars in our samples (∼ M6) is ∼ 30 % (Luhman et al. 2010). In comparison,
we will be analyzing excesses at the ∼ 300% level (see §4.1), i.e., small errors in the extrapolated photospheric values
have little effect on the derived excesses. The excess disk emission at 24 µm, F disk24 , is then obtained from equation 1.
3.2.2. Clusters Older than 6 Myr
The difference between considering the 3.6 µm excess and ignoring it becomes smaller as the clusters get older. For
example, the corrections for 3.6 µm excesses for NGC 23623 affect the disk frequency (defined in §4) by only 0.7%,
lower than the Poisson counting uncertainty by a factor of ∼6.
For Sco-Cen (including Upper Sco) and the BPMG, rather than extrapolating from 3.6 µm we utilized the 2MASS
KS photometry because it is more complete. We first dereddened all the member stars with the extinction found in
2 Park & Sung (2002) made visible UBV I observations for the field of NGC 2244. However, out of 369 stars in our membership list,
only 67 are identified with sources in their optical catalog with a matching radius of 3′′.
3 5 Myr on the traditional scale, 12 Myr on the revised one
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the literature, and then used the dereddened KS brightnesses of the stars to extrapolate to their 24 µm photospheric
flux densities. This procedure should be accurate because the extinction levels are modest and the KS − [24] color
depends only weakly on the spectral type for sources hotter than early M (Gautier et al. 2007). Similar extrapolation
of the photospheric output from K-band to 24 µm has been found to be accurate at the < 10% level (Rieke et al.
2008).
We have added the Pleiades based on the study of Sierchio et al. (2010). With an age of 126 Myr (Soderblom et al.
2014) at 136 pc (Melis et al. 2014), it is near the end of the expected age range of terrestrial planet formation around
solar-like stars, and provides a reference for the end state of disk frequency in that era.
4. TIME EVOLUTION OF 24 µm EXCESS
4.1. “Disk” Definition
Disk frequency, defined as the fraction of stars with infrared excesses within a cluster, has been widely employed
in previous studies as a statistical measurement of disk evolution. For this study, the disk frequency, f , at a relative
excess threshold of lim can be written as
f(lim) =
N( ≥ lim)−N( ≤ −lim)
N
, (2)
where N() is the number of filtered member stars satisfying the limits indicated, and N is the total filtered population
of the cluster. The error in f(lim) is determined from the numbers of stars used in its calculation at any value of lim.
To define “qualified disks,” throughout this work we adopt a relative excess threshold of
lim = 3. (3)
Given the limited signal to noise, the distribution of detection levels may include some with excesses boosted above lim
by noise. Equation (2) allows us to correct for this effect on a statistical basis by subtracting those more negative than
−lim. As discussed below, we use this approach to extend our survey to sources below the conservative single-source
detection limit. The threshold lim = 3 roughly corresponds to fractional luminosity Ldisk/L∗ & 10−3, close to the
maximum dust luminosity that a steady state debris disk is expected to reach (Ldisk/L∗ ∼ a few 10−4 in the age
range considered in this work, e.g., Wyatt et al. (2007); Kenyon & Bromley (2008)). Debris disks typically have much
lower fractional luminosities than primordial protoplanetary disks (Ldisk/L∗ ∼ 1, e.g., Kenyon & Hartmann 1995).
Therefore, with this threshold most primordial disks should be counted, while only the most extreme debris disks could
qualify (Balog et al. 2009; Melis et al. 2010).
Previous studies using disk counting have mostly been based only on stars bright enough to achieve good detections
of their photospheres. Studies in the JHKL and through the IRAC bands reach photospheric detection levels for
solar-like stars out to ∼ 1 kpc, making the identification of members with excess infrared emission straightforward.
However, such a method for identifying disks is less feasible at 24 µm except for the nearest associations. At 24 µm
the MIPS detection limit is only sensitive enough for solar-like stars with lim ≥ 3 out to ∼ 600 pc.
To extend this limit, we use an approach analogous to the probability of deflection, P (D), methods originally
developed for deep cosmological radio surveys to extract source counts below the threshold for reliable detection of
individual objects (e.g., Ryle & Scheuer 1955; Scheuer 1957), but which now have found much broader use. For regions
clear of background structure as determined by our filtering methods, we assume the intrinsic photometric errors
on sky for each cluster are symmetric, i.e., away from individually detected sources the positive and negative error
distributions are the same. This assumption is supported by Papovich et al. (2004), who showed that the negative
side of the error distribution for MIPS 24 µm data is well behaved and does not include a significant number of
spurious large values. Given the symmetric error distribution, we can use the random negative errors to estimate
what fraction of the positive fluctuations in the cluster images exceed expectations for statistical errors. The excess
of positive fluctuations should reveal the number of stars with real excesses on a statistical basis, i.e. not individually
but through their influence on the spectrum of positive fluctuations.
We apply this method to members of our “secondary sample”, i.e., sources in clean sky but not detected individually.
As described in Section 3.1, we obtained aperture photometry at the positions of these sources. We compare this
photometry with the probability distribution of negative signals from similar photometry on the inverted images, i.e.
with the negative error distribution. The excess of positive values at the positions of the sources is then a measure of
their brightnesses on a statistical basis.
Nonetheless, even this approach can only go into the noise by a modest amount before the errors become over-
whelming. To illustrate the range of usefulness, we consider NGC 1960. Because stars fade as they evolve, NGC 1960,
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the oldest cluster in our sample farther than 1 kpc, should give us a worst-case scenario down to its Mlist,cpl, the
lowest-mass member star known, in this case about 1 M. The 1-σ noise level of the 24 µm MIPS image of NGC 1960
is 0.072 mJy, compared to the faintest stellar photosphere at 0.020 mJy. A star with an excess above our threshold of
lim = 3 would therefore have a 24 µm flux density of ≥ 0.060 mJy, that is only slightly below the 1-σ detection limit.
The limit to which our statistical method can be applied depends somewhat on the number of cluster members and
of detections expected. In the limit where a large fraction of detections is expected, P(D) can reach well below the
single-source detection limit before the uncertainties resulting from its internal statistics rival those in the expected
number of sources; however, if only a small fraction of detections is expected, P(D) is much less effective. With 132
identified members and detections at the level of 12.9% for NGC 1960, valid estimates are returned down to about
1.5 σ of the noise. Therefore, there is only a narrow range of flux density (0.06 to 0.11 mJy at 24 µm), and thus of
stellar mass above Mlist,cpl, over which we do not obtain valid estimates. This range is could only affect our estimate
of the fraction of stars with excesses above lim = 3 if stars in this narrow range had an excess fraction dramatically
different from the more massive stars, which is improbable.
4.2. Decay functional form
We show the overall decay of disk incidence with cluster/association age in Figures 1 and 2. With the exception
of the low point for ρ Oph, both figures indicate an almost constant incidence of qualified excesses for the initial
phase of evolution (up to ∼ 6 Myr on the revised scale, ∼ 3 Myr on the traditional one). Although the decay of disk
frequency is widely fitted with an exponential function, the behavior at 24 µm appears to be inconsistent with this
behavior. Another constraint on the decay behavior is provided by transitional disks, which we show in this section
argue strongly against exponential decay at 24 µm.
Balog et al. (2016) show that among disks with strong 24 µm excesses, the incidence of transitional disks increases
from 8.4± 1.3% in stellar clusters between 1 and 6 Myr of age to 46± 5% for those 9 - 12 Myr in age4. It is thought
that the transitional stage is the final step before a primordial (Class II) disk loses its optically thick zones (Muzerolle
et al. 2010; Espaillat et al. 2014) and thus its large 24 µm excess. Currie et al. (2009) have suggested homologous
dissipation as another possible route. Referring to their classifications for NGC 2362, the members of this class fall
equally into the weak transitional and modest-excess Class II categories in Balog et al. (2016), and hence these disks
also fall within that analysis. However, whether all of these systems will lose their excesses without ever assuming
even a weak transitional form (as defined by Balog et al. (2016)) is not clear, since the mechanism(s) leading to the
transitional stage are not well understood (Espaillat et al. 2014). In the following discussion we will make the common
assumption that all disks do pass through the transitional stage (Muzerolle et al. 2010; Espaillat et al. 2014). Any
disks with a different evolutionary path would presumably also have a different disk fraction decay pattern.
Balog et al. (2016) show that the properties of the transitional disks do not appear to change significantly with
cluster/association age. This behavior supports the view that all transitional disks are a similar phase that marks the
loss of the inner disk material, independent of the age of the system. Therefore, the increase in relative numbers of
transitional disks indicates that an increasing fraction of the remaining Class II sources are entering the transitional
phase with increasing age. The mathematical definition of exponential decay would be that Class II stars lose that
status at a constant rate relative to the remaining number. This is incompatible with the increase in the fraction of
transitional disks relative to the combined number of transitional and Class II systems. Even if some systems skip the
transitional stage, the large change in the proportion of transitional disks with age will strongly influence the overall
disk fraction decay, in the direction just discussed.
In addition, a simple model based on exponential decay only and the best-fit time constant cannot fit the transitional
disk behavior; it predicts nearly as large (i.e., 2/3) a fraction of these systems in the young sample (1 - 6 Myr on the
revised scale) as in the older one (9 - 12 Myr). Thus, the behavior of the transitional disks indicates that evolution of
the 24 µm excesses deviates significantly from an exponential trend. Given the increase in the proportion of transitional
disks with age, the deviation must be in the direction of the fading of Class II sources at larger ages being faster than
the best-fit exponential, while the fading is slower than this exponential at smaller ages.
4.3. Fitting the Decay
To discuss the non-exponential decay in the simplest possible way, we will use a heuristic model in which we assume
that all stars start with Class II disks and that all disks pass from Class II to transitional to Class III, with the
4 both on the revised scale; the behavior on the traditional scale is identical but with the ages reduced by a factor of ∼ 2
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transitional phase having the same duration. We can take duration of the transitional phase, τtran, to be ∼ 1 - 1.5
Myr under the revised age scale5. We take the 6 µm excesses to decay exponentially with a time scale of 5 Myr from
Cloutier et al. (2014) and Ribas et al. (2015), the latter as recalculated for the revised age scale in this paper. We
assume that the 24 µm excess decay is delayed by the transitional disk lifetime and thereafter decays exponentially
with the same time constant as holds for the 6 µm excesses, i.e., 5 Myr. The result for τtran = 1 (1.5) Myr is a
prediction of an average fraction of 0.69 (0.74) excesses in the 1 - 6 Myr range and a fraction of 0.17 (0.19) excesses
in the 9 - 12 Myr range. These values are in satisfactory agreement with the data as summarized in Figure 1a6.
However, the heuristic model does not include a sufficiently rapid increase in the relative number of transitional
disks to match the observations (Balog et al. 2016). It therefore, at best, provides a very conservative upper limit to
the number of primordial disks surviving past 10 Myr. A relatively simple modification to remedy this shortcoming
is to assume that the relative rate at which systems enter the transitional stage from the pool of Class II sources
increases linearly with time. Under the revised age scale, a coefficient of 0.04/Myr for the fraction of disks entering
the transitional stage and a transitional disk lifetime of 1 Myr provide a reasonable fit to the data, with fractions
of transitional disks of 9.7% and 38% respectively averaged over 0 - 6 Myr and over 9 - 12 Myr, compared with the
observed values of 8.4 ± 1.3% and 46 ± 5%. This model also yields surviving fractions of disks averaged over 1 - 6
Myr of 0.86 and over 9 - 12 Myr of 0.18, similar to the values from the heuristic model. The evolution under this
model is shown as the gray line in Figure 1a. The result is indicative, but not unique; a variety of assumptions about
the rate of entering the transitional stage and its lifetime would be consistent with the constraints, but would all have
generally similar decay behavior. The prediction for the loss of disks in the intermediate wavelength regime would
also be modified from an exponential in this model, but given the scatter in the values for clusters as a function of age
(Cloutier et al. 2014; Ribas et al. 2015), this alternative to exponential decay is allowed.
4.4. Evolution of Disk Frequency
We will preferably show the evolution of disk frequency on the revised age scale, since it provides a more demanding
test of some important points we wish to make. When appropriate, we will show similar information on the traditional
scale to illustrate that our conclusions hold equally well, or are stronger, using it. Figure 1a shows the disk frequencies
of the stellar clusters/associations in this study versus their ages (on the revised scale). The relevant values are listed
in Table 3. For reference, we show the prediction of our heuristic model, which does not account for the transitional
disk behavior, and the fit taking account of the transitional disk behavior. For clarity, we do not show the heuristic
model for ages < 11 Myr. Both fits are consistent with the evidence that primordial disks older than 20 Myr are
extremely rare (Williams & Cieza 2011; Alexander et al. 2014). However, we find a significant fraction of stars with
large excesses in this age range.
Figure 2 shows the same information as Figure 1 but on the traditional timescale. All the ages > 15 Myr are expected
to be the same in both cases (Soderblom et al. 2014), but the ages less than this value are compressed toward zero.
As a result, the enhanced disk incidence around 20 Myr becomes very prominent. The behavior at ages ≤ 3 Myr is
similar to that ≤ 6 Myr on the revised scale, although in the figure it is harder to see because of the compression.
4.5. Need for a second, slower component in disk decay
Unfortunately, given the scatter among the results for the clusters/associations, their small number, and the uncer-
tainties in age, it is not possible to derive a unique functional form for the decay of disk incidence from the 24 µm
data. There is also a degeneracy between the duration of the transitional phase and the rate at which systems enter
it that makes determination of a functional form from that information difficult. Nonetheless, Figures 1 and 2 show
that there is a slowly decaying component that persists to ∼ 35 Myr above the level indicated by extrapolation of the
behavior of the primordial disks in younger systems, after which the incidence drops to a level similar to that in the
Pleiades. This component is apparent even relative to the heuristic model, which should overestimate the primordial
disk incidence at these ages.
4.6. Previous work
For comparison with previous work, we begin by fitting the behavior at the shorter wavelengths with exponentials.
Assuming an exponential decay of disk frequency from unity at t = 0, where t is the cluster age (Mamajek 2009), we
5 The duration of the transitional phase is estimated to be 0.5 - 1 Myr under the traditional age scale (e.g., Muzerolle et al. 2010; Cloutier
et al. 2014) .
6 If we adjust these results to the traditional age scale, the indicated transitional disk lifetime and hence the delay of the dissipation of
the responsible disk component becomes less than 1 Myr.
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Figure 1. (a) Observed 24 µm disk frequencies as a function of stellar age on the revised scale, for excesses three times the
photospheric emission (lim = 3). The black and red labels are stellar clusters and associations within and farther than 400 pc,
respectively. The dotted blue line is the exponential decay of the heuristic model (exponential decay time constant of 5 Myr
delayed by 1.5 Myr to allow for the transitional stage); it represents a conservative upper limit to the primordial disk population.
The gray line shows a model taking account of the transitional disk behavior, with the best-fit linear dependence of entry rate to
the transitional phase and a duration of 1 Myr for this phase (see Section 5.2). The disk frequency for the Pleiades is indicated
by the arrow; the point would be at 126 Myr. The stellar clusters and associations between ∼15 and 35 Myr all have higher
disk fractions than would be extrapolated from younger ages, representing a separate “second component” of disk evolution.
Figure 1. (b) Similar to Fgure 1a but with lim = 2.
fitted the evolution of the ten stellar clusters/associations of age 12 Myr or younger, since this age range gives us a
relatively pure population of primordial disks. On the traditional age scale, we reproduce the values in Ribas et al.
(2015) well. Similar fits to the summary data in Ribas et al. (2015) but with the revised ages give exponential decay
time constants of 3.5 and 5.3 Myr respectively for the “short (< 6 µm)” and “intermediate (8 - 12 µm)” wavelength
behavior. The second value agrees well with the 5.75 Myr found by Cloutier et al. (2014) for IRAC excesses (out
through 8 µm) using the revised age scale.
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Figure 1. (c) Similar to Figure 1a but with lim = 4.
Figure 2. Similar to Figure 1a, but with the clusters/associations on the traditional age scale and showing only an exponential
fit to their decay.
At 24 µm, the lifetime of qualified (lim =3) disks is found to be 6.6 ± 0.4 Myr, defined as the exponential time
scale. We carried out a similar fit to the summary data in Table A.1 of Ribas et al. (2015) but assigning updated ages
to the clusters consistent with those in this work, obtaining 7.6 ± 1.3 Myr. The agreement is satisfactory, considering
our different disk definitions and functional forms 7. On the traditional age scale, the exponential time scale is 3.2 ±
0.2 Myr.
Compared with the previous work (Ribas et al. 2014; Cloutier et al. 2014; Ribas et al. 2015), in addition to the
different membership criteria, our approach is different in how “disks” are identified and counted. Ribas et al. (2014,
7 Ribas et al. (2014; 2015) allow the disk fraction to decay from < 1 to a baseline > 0, whereas we start at 1 and decay to 0.
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2015) fit the SEDs of spectroscopically confirmed stars to obtain their expected photospheric fluxes at 24 µm, and
they count individual disks based on the significance of excess detection (5σ above photospheric flux). Although they
have tried to correct biases (Ribas et al. 2015), this criterion is highly dependent on the sensitivity and depth of
the observations (and hence the distance of the cluster), and also on the background behavior. Our work provides an
independent test of their results, with the advantage that the disk frequencies should be less biased because we account
for the net effect of individually undetected sources, and reject stars on noisy backgrounds regardless of the significance
of their excess detections. It is therefore gratifying that the two methods find virtually identical exponential decay
behavior at 24 µm. However, the exponential fits are largely empirical and do not take account of the actual stages
thought to influence disk decay. Our heuristic model, in which the exponential decay is delayed by the time spent
in the transitional stage, is a step toward a more realistic picture, and it yields a faster decay after the initial stages
(beyond 10 Myr). Our model that takes account of the transitional disk behavior in more detail decays even faster.
Ribas et al. (2014, 2015) also very sparsely sample the 11 - 40 Myr interval at 24 µm, which is represented only by
6 stars with excesses out of 43 in the BPMG. Cloutier et al. (2014) do not include stars older than 14 Myr. Thus,
neither of these studies provides a good test of the disk behavior at 20 Myr and beyond. As shown in Figures 1 and 2,
the observed disk frequencies of the clusters older than ∼20 Myr are indeed higher than the extrapolated trends from
the younger clusters, even assuming the very conservative heuristic model. For an extremely conservative estimate
of the significance of the enhanced incidence of excesses, we apply a χ2 test to the clusters between 15 and 40 Myr
(both inclusive) with the purely exponential decay (τ = 7 Myr) fitted for the first 12 Myr on the revised scale. We
find that the probability that the disk frequency of the older clusters follows the same trend as the younger clusters
is < 10−6, showing the necessity for a second, more slowly decaying disk component to fit the data. The probability
would be substantially lower with the heuristic model, and lower still with the model incorporating the transitional
disk behavior.
4.7. Robustness of Results
The evidence for the “second component” should not depend critically on our choice of the threshold, lim = 3. We
tested the robustness of our results by redoing Figure 1a under new thresholds lim = 2 and lim = 4. The outcomes
are shown in Figures 1b and c, respectively. The exponential decay timescales of disk frequency, with the clusters
younger than 12 Myr, are 6.9± 0.4 Myr with lim = 2 and 6.3± 0.4 Myr with lim = 4, i.e. not significantly different.
Similarly, regardless of the difference in disk definition, the disk frequency starts to level out in the 10-15 Myr age
range and the “second component” remains prominent: the stellar groupings older than ∼15 Myr are all above the
extrapolated trend.
A potential risk in comparing the clusters over a wide range of distances arises from the different completeness limits
in the membership lists. If the disk presence is correlated with spectral type, we may see different disk frequencies as
a result of looking into different mass regimes. To address this issue, we take NGC 1960 as the reference for stellar
mass, since it is the farthest cluster older than 20 Myr in our sample and appears to lie in the middle of the age of the
possible “second component” in disk evolution. The faintest detected member in NGC 1960 has an extinction-corrected
magnitude of [3.6] = 14.2, corresponding to ∼1.2 M. Therefore, we cut off the lower part of the membership lists of
all nearer clusters and associations, making subsets of their members with this same mass limit8. The relation between
stellar mass and photospheric brightness is more isochrone-dependent toward younger ages (Hillenbrand & White 2004;
Hillenbrand et al. 2008). For the most robust results, we only retained the stellar clusters/associations older than 9
Myr. The mass cut-off is not applied to NGC 2362, whose distance and completeness limit are similar to those of NGC
1960, or to UCL and LCC, whose membership lists are already selected for F- and G-types. The result based on the
trimmed membership lists is shown in Figure 2, overplotted on the heuristic and transitional-disk-constrained decay
lines obtained from the full membership lists, i.e., the same decay lines as in Figure 1a. Although the member counts
of some clusters have shrunk and thus enlarged the uncertainties, the disk frequencies of all clusters remain consistent
within the errors with the results derived from the full membership lists.
To examine the behavior at lower masses, we show in Figure 4 the behavior for a mass range of 0.5 - 1.2 M,
determined from clusters/associations within 400 pc. The results are very similar. The number of stars ≥ 20 Myr
old with excesses above lim = 3 significantly exceeds the extrapolations from the behavior of primordial disks. To
be specific, compared with the heuristic model and on the revised age scale, and assuming a Poisson distribution for
the excess counts between 20 and 35 Myr, they have less than a 1% probability of arising by chance. The likelihood
8 With the 1.2 M cutoff and the general mass function (Kroupa 2001), we estimate the average stellar masses of the stars in the subsets
of all clusters are around 1.5 M.
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Figure 3. Same as Figure 1a, but only for stars >1.2 M. The gray line is the decay fitted with the full membership lists
in Figure 1a. The dotted blue line is the heuristic model that represents a conservative upper limit to the primordial disk
population.
Figure 4. Same as Figure 1a, but only for stars between 0.5 and 1.2M. The gray line is the decay fitted with the full
membership lists in Figure 1a. The dotted blue line is the heuristic model that represents a conservative upper limit to the
primordial disk population.
of their arising by chance with the model including the constraint from the transitional disks is much lower. These
arguments are only strengthened under the traditional age scale.
5. DISCUSSION
5.1. Lifetime of the 24 µm Protoplanetary Disk Component
All of the fits (simple exponential, heuristic, and transitional-disk) show that the decay at 24 µm is significantly
slower than at the intermediate infrared wavelengths (8−12µm) defined by Ribas et al. (2014) (e.g., from our fits to the
summary in (Ribas et al. 2015) and on the revised age scale, from 5.3 to 7.6 Myr respectively at 8−12µm and 24 µm).
24 µm Survey of Young Stars 13
Figure 5. Incidence of debris disks around stars >1.2 M, with the contribution from protoplanetary disks removed. The
dashed line shows the best-fit log-normal function, with the peak of 12.3% ± 2.9% at 18.1 ± 1.1 Myr and a mean lifetime of
11.8+2.6−3.3 Myr.
This general behavior is predicted by photoevaporation models that show erosion from inside and outside with the
most durable radial zones lying near those dominating the 24 µm emission (Gorti et al. 2015, 2016). The theoretical
prediction is for a delay at 24 µm only of order 0.5 Myr after the dissipation of the region emitting near 6 µm (Gorti et
al. 2015). The difference in exponential decay time constants is significantly larger, but the agreement is much better
with the two more realistic fits to the decay behavior. With them, the predicted ∼ 1 Myr delay (on the revised age
scale) in the erosion of the disk component dominant at 24 µm compared with those seen at shorter wavelengths is
consistent within a factor of two with the theoretical prediction (Gorti et al. 2015)9. We conclude that our analysis
supports theoretical work by Gorti et al. (2015, 2016) that predicts that disks dissipate by photoevaporation from both
the inside (near the star) and the outside. That is, the dissipation of the disk zone where giant planets form should
proceed under this mechanism more slowly by about 0.5 - 1 Myr than that of the zones inside and outside this one.
5.2. The “Second Component” of Disks Between 10 and 35 Myr
We now discuss the nature of the systems responsible for the “second component” of prominent disks. We will
quantify their behavior for stars more massive than 1.2 M, since this threshold gives us relatively complete samples
even for the more distant clusters/associations. Given the difficulty in deriving a functional form for the decay of
the protoplanetary disks, we have removed the primordial and transitional disks individually from the counts for
the clusters/associations near 10 Myr (revised time scale), generally as identified in the papers providing the cluster
membership lists10. The resulting counts for disks around ≥1.2 M stars and from 9 to 40 Myr are shown in Figure 4
(the relevant fractions of excesses can be found in Table 3). We find that the evolution of the disk frequency in this age
range can be described by a broad peak. If fitted empirically with a log-normal function and on the revised age scale,
the peak frequency of these bright disks above the threshold of lim = 3 is 12.3± 2.9% and occurs at 18.1± 1.1 Myr.
Based on the assumption of a log-normal evolution, integrating from the age of the maximum incidence afterwards,
the mean duration of the high level of activity of the qualified debris disks is 11.8+2.6−3.3 Myr. Similarly, if we use the
traditional age scale the fitted parameters are peak of 13.1±3.4% at 11.8±1.2 Myr, with a nominal post-peak lifetime
of 16.0+6.1−4.8 Myr. The errors are estimated through a Monte Carlo simulation of 10,000 runs distributed normally as
indicated by the nominal error bars.
In the following sections we consider possible explanations for this component of disk behavior.
9 If we use the traditional age scale, the behavior is even more consistent with the prediction.
10 Balog et al. (2016); Dahm & Hillenbrand (2007); Herna´ndez et al. (2007b); Carpenter et al. (2009); Chen et al. (2011); Rebull et al.
(2008); Smith & Jeffries (2012)
14 Meng et al. 2016
Figure 6. Similar to Figure 4 but on the traditional age scale. The best-fitting log-normal function, has a peak of 13.1± 3.4%
at 11.8± 1.2 Myr, with a nominal post-peak lifetime of 16.0+6.1−4.8 Myr.
5.2.1. Protoplanetary Disks Cannot Account for the Excesses at 15 - 35 Myr
We first consider the possible persistence of protoplanetary disks into the 10-20 Myr range. Carpenter et al. (2009)
found 24 primordial disks and 2 Be stars in Upper Sco, while Chen et al. (2011) found none. One of those 26 disks
(HD 142184) is below our excess threshold. That is, there are 23 identified primordial disks in Upper Sco and above
our excess threshold, including 6 with masses higher than 1.2 M. For NGC 2362, Dahm & Hillenbrand (2007) list
13 disks in their Table 3 with primordial-like SEDs and spectral signatures of accretion. The current membership lists
of Ori OB1a and OB1b both have too few stars that are more massive than 1.2 M to contribute to this discussion.
Two detected disks in UCL and one in LCC are identified as primordial (Chen et al. 2011). However, the one in LCC
(HD 101088) is a rare case of a very low excess accretion disk that is fainter at 24 µm than our threshold (Bitner et al.
2010). Since it is never counted as a “disk” under our definition, we only identify the two UCL primordial disks from
the combination of UCL and LCC. In summary, there appears to be a minority population of protoplanetary disks up
to ∼16 Myr.
We also investigated the nature of the individually detected disks in the older, 20-40 Myr age range. In the BPMG,
all members are individually detected and there are 6 qualified (lim = 3) disks: β Pic (A6), V4046 Sgr (K5 + K7),
HD 172555 (A7), η Tel (A0), HD 181327 (F6), and HD 191089 (F5). The V4046 Sgr disk is accreting (e.g., Stempels &
Gahm 2004; Gu¨nther et al. 2006) and classified as transitional (also circumbinary, see Rosenfeld et al. 2013). However,
the other five are bright debris disks. The other clusters in this age range are not known to contain accreting stars at a
level that would qualify for our sample. This behavior is consistent with the general evidence that primordial disks do
not survive up to this age range (Alexander et al. 2014) and therefore cannot account for the second disk component.
5.2.2. Steady-state Debris Disk Contribution is Small
We next consider whether this peak in disk incidence is the initial starting point of the observed collisional steady-
state decay of most known debris disks, such as that shown in Ga´spa´r et al. (2013). During the initial build-up of dust
in the systems while they are approaching the quasi-steady-state equilibrium, the infrared emission of a single system
peaks. The peaks of various initial mass and spectral-type systems coincide roughly with the period of oligarchic
planet formation. Therefore, simple steady-state decay could conceivably produce the observed peak in disk excess
fractions.
To test this possibility, we re-analyzed the models in Ga´spa´r et al. (2013). They modeled the 24 µm excess decay
of a sample of 1097 sources with the numerical collisional model CODE-M via population synthesis. By placing the
disks at ∼5 AU for solar-mass stars and ∼11 AU for early-type systems and assuming a log-normal distribution of
initial disk masses, they were able to reproduce the observed fraction of disks with ≥10% excesses (i.e., lim = 0.1). In
this work, we use the population of disks synthesized to match the large sample with low detection levels in Ga´spa´r et
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Figure 7. The observed fraction of sources with excesses 300% above the photosphere, with the contamination from protoplan-
etary disks removed. The blue and red curves show the expected levels of contribution from passively evolving debris disks,
based on population synthesis models in Ga´spa´r et al. (2013) for early-type and solar-like stars, respectively. The time axis is
set to agree with the initiation of the evolution in the previous models (Ga´spa´r et al. 2013) and the initial evolution should
not be taken literally. To fit the “second component” peak, the figure suggests the need for high levels of dust production via
stochastic events during the oligarchic growth period of planetary formation.
al. (2013), but set the observational threshold of the population to 300% above the photosphere (for lim = 3). This
will naturally yield a lower percentage of sources with excesses. In Figure 7, we show the results of our modeling for
the solar-mass and early-type populations, with the disks placed at 5.5 AU from solar-mass stars and 11 AU from
early-types. The component from the protoplanetary disks has been removed from the observational data, based on
the identifications in the original references, for direct comparison with the models. We have started the cascades at t
= 0 as in Ga´spa´r et al. (2013), but with the expanded timescale it would be more appropriate to start them somewhat
later, e.g., t = 5 Myr. However, it is clear that no starting time can fit the full population of large excesses. Our
analysis rules out steady-state evolution as the primary source of the peak.
5.2.3. Debris from the Oligarchic/chaotic Phase of Terrestrial Planet Formation
We conclude that the protoplanetary and transitional disks as well as passively evolving debris disks are a minority
of the slowly decaying disks. We now show that these systems are likely to be debris (i.e., second-generation) disks
but ones experiencing stochastic events from large impacts that substantially increase their infrared emission.
Many studies (e.g., Kokubo & Ida 1998; Thommes et al. 2003; Kenyon & Bromley 2004, 2006; Genda et al. 2015)
have suggested that there should be copious amounts of debris generated by stochastic events occurring during the
oligarchic/chaotic planetary formation phase. Kenyon & Bromley (2004) first suggested that this emission was likely
to peak in the 10 - 40 Myr period (but see Kenyon & Bromley (2016)). Currie et al. (2008a) found some evidence in
support of this suggestion. The self-stirring models of Kennedy & Wyatt (2010) also produce broad maxima in the
excess emission roughly in this time regime.
The recent detailed smooth particle hydrodynamics (SPH) simulations of this process by Genda et al. (2015) sub-
stantially improve on these results. They model the growth of terrestrial planets through giant impacts of large
protoplanets. Each event results in the injection of a large amount of material (up to ∼ 1 M⊕) into orbit around the
star, in the form of small fragments that quickly decay into dusty debris and large fragments that disappear much
more slowly. As a result, between 10 and 100 Myr the debris disk around a star has many sharp increases in mass,
some of which decay quickly (direct collision products) and some of which decay with characteristic time scales of a
few million years (larger collision products that are eroded by collisional cascades). Genda et al. (2015) compute the
24 µm emission of the resulting debris system; it reflects this behavior and often exceeds our threshold of three times
the photospheric level. The level of emission tends to be largest between 10 and 30 Myr (their Figure 6), in excellent
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agreement with the results of our study. This possibility is also indicated by Figure 7, if the debris disk evolution is
initiated at 10 - 15 Myr rather than at zero.
6. CONCLUSIONS
We have analyzed the rate at which 24 µm excess emission indicative of circumstellar disks fades during the first
40 Myr of evolution, based on a study of 15 stellar clusters and associations. Our study focuses on bright disks, with
24 µm emission three times or more of the photospheric outputs of the stars. Because of uncertainties in age scales
for young clusters/associations, we have carried out the analysis for the traditional scale (e.g., Mamajek 2009) and a
revised one that proceeds nearly two times more slowly (e.g., Bell et al. 2013, 2015). We find that:
• On the traditional age scale for young stars, the exponential time scales for disk fading is 3.2 ± 0.2 Myr for 24
µm and ∼ 2.5 Myr for wavelengths shorter than 10 µm (Ribas et al. 2014). On the revised age scale, the time
scales 3.5 Myr for 3.6 - 4.5 µm, 5.3 Myr for 8 - 12 µm, and 6.6± 0.4 Myr for 24 µm.
• As indicated by many previous studies, the time scale for fading of protoplanetary disks at 24 µm is longer than
that at shorter wavelengths.
• Based on the behavior of transitional disks, the fading at 24 µm is not accurately exponential, but is slower than
the best fit exponential initially but faster by an age of 10 Myr.
• Taking account of this behavior rather than fitting an exponential indicates a delay of ∼ 1 Myr (revised age
scale) or less than 1 Myr (traditional scale) in the dispersion of the 24 µm disk component after the dispersion
of the component dominant near 6 µm, in satisfactory agreement with the theoretical predictions of Gorti et
al. (2015). This delay also agrees well with the lifetime of roughy 1 Myr for the transitional disk phase. This
agreement between observation and theory indicates that disks disperse by photoevaporation and from both the
inside and the outside, with the zone dominating the 24 µm emission being relatively slow to dissipate.
• After this initial fading, there is a continuing bright disk population to ∼ 35 Myr.
• This population includes some protoplanetary disks in the 10 - 16 Myr range, but is dominated by bright debris
disks.
• After identifying and excluding the contribution from protoplanetary disks, the incidence of debris disks can be
described by a log-normal function with the peak on the revised age scale at 18.1 ± 1.1 Myr where it is 12.3% ±
2.9% of the original population. After the peak, the incidence of debris disks decays with an indicated lifetime of
11.8+2.6−3.3 Myr. The corresponding values on the traditional scale are 11.8 ± 1.2 Myr, 13.1% ± 3.4%, and 16.0+6.1−4.8
Myr.
• These bright debris systems are probably associated with stochastic events caused by large impacts during the
oligarchic/chaotic phase of terrestrial planet building. The systems we detect appear to correspond well with
the theoretical predictions for this process by Genda et al. (2015).
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Table 1. Log of MIPS 24 µm Observations of Young Clusters
Start Time Sky Annulusb F24,lim
d
Target AOR (UTC) Ra Ri Ro f
c (mJy) Np/N (rej%)e
NGC 1333 4316672 Feb 03, 2004, 03:00 4 4 8 2.170 0.6 101/163 (38%)
NGC 1960 multiple Oct 23, 2008, 15:28 4 5 10 2.124 0.3 124/128 (3%)
NGC 2232 3961856 Apr 04, 2005, 12:40 4 15 30 1.878 0.4 203/203 (0%)f
NGC 2244 4316928 Mar 15, 2004, 19:06 4 5 10 2.124 1.1 132/369 (64%)
NGC 2362 4317440 Mar 16, 2004, 18:10 4 15 30 1.878 0.2 272/330 (18%)
NGC 2547 4318976 Jan 28, 2004, 19:11 4 4 8 2.170 0.1g 219/282 (22%)
multiple May 09, 2006, 15:03
multiple Dec 01, 2006, 22:02
IC 348 4315904 Feb 21, 2004, 00:13 4 4 8 2.170 1.5 118/339 (65%)
22961920 Sep 23, 2007, 07:49
22962176 Sep 24, 2007, 08:57
22962432 Sep 25, 2007, 08:32
22962688 Sep 26, 2007, 08:58
22962944 Sep 27, 2007, 06:00
22963200 Mar 12, 2008, 14:23
22967552 Mar 18, 2008, 17:28
IC 2395 4315392 Apr 11, 2004, 22:39 4 4 8 2.124 0.3 174/297 (41%)
IC 4665 multiple May 19, 2008, 05:33 4 4 8 2.124 0.1 60/60 (0%)f
Ori OB1a 10987008 Mar 04, 2005, 03:34 4 12 20 1.882 0.2 112/115 (3%)
Ori OB1b 10986752 Mar 03, 2005, 22:25 4 12 20 1.882 0.4 85/106 (20%)
UCL+LCC multiple multiple 4 4 8 2.124 · · · 136/136 (0%)f
Upper Sco multiple multiple 4 4 8 2.124 · · · 237/237 (0%)f
aPhotometric aperture radius in pixels.
b Inner and outer radii of sky annuli in pixels.
cAperture correction factor.
dMIPS 24 µm detection limit at cluster distances.
eNumbers of filter-passed stars (Np) and all member stars (N). Filter rejection rates are given in percentage in paren-
theses. Stars without IRAC 3.6 µm magnitudes or out of MIPS 24 µm fields do not count.
fNo filter applied.
gDetection limit in the mosaic image.
20 Meng et al. 2016
Table 2. Summary of 24 µm photometry
Cluster/ Running 2MASS ID RA Dec F24 F24 err Treatmenta b
Assoc. ID J2000.0 J2000.0 mJy mJy
NGC 1333 1 2MASS j03281101+3117292 52.045899 31.291464 0.827 0.096 D 0.738
NGC 1333 2 2MASS j03281518+3117238 52.063279 31.289967 0.534 0.076 ND 31.654
NGC 1333 3 2MASS j03282839+3116273 52.118321 31.274265 -0.138 0.017 ND -3.807
NGC 1333 4 52.123917 31.255722 -0.121 0.028 ND -39.612
NGC 1333 5 2MASS j03283107+3117040 52.129498 31.284468 0.345 0.089 ND 2.826
NGC 1333 6 2MASS j03283258+3111040 52.135756 31.184471 56.216 0.518 MR
NGC 1333 7 2MASS j03283450+3100510 52.143754 31.01417 1291.387 29.735 MR
aD = individually detected at 22 - 24 µm, ND = not individually detected, R = rejected by filter, MR = manually rejected (see
text), MA manually added (see text), N = filter not used and all members are detected at 22 - 24 µm
bNominal excess-to-photospheric flux ratio
(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding
its form and content.)
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APPENDIX
A. CLUSTER AND ASSOCIATION MEMBERSHIP AND AGES
NGC 1333: is one of the youngest clusters in our sample with a number of Class 0 protostars, some associated with
stellar outflows (Walawender et al. 2008). As part of the Per OB2 association, the cluster is embedded in the western
edge of the Persus Cloud (Bally et al. 2008), an active site of star formation at 240 pc (Hirota et al. 2008). NGC 1333
has been a target of star formation research in a wide range of wavelengths, from X-ray (e.g., Getman et al. 2002)
to radio (e.g., Knee & Sandell 2000). The age of the cluster is estimated to be ∼2 Myr (Flaherty & Muzerolle 2008;
Winston et al. 2009) (traditional scale) or ≤ 6 Myr (revised scale, see Balog et al. (2016)). We used the membership
list published by Luhman et al. (2016). The 24 µm photospheric fluxes are based on the IR color of young photospheres
in Luhman et al. (2010) and derived from the J magnitudes of the members at which wavelength an excess is most
unlikely. Prior to the availability of this list, we had compiled our own list from the Spitzer observations of this cluster
presented by Gutermuth et al. (2008) plus the Chandra observation described in Winston et al. (2010). This list
included some stars identified as members purely on the basis of infrared properties in the IRAC bands; such sources
are excluded from the list by Luhman et al. (2016). The qualified disk fraction in the older calculation was 77.0% ±
10.0%, while the new calculation obtained 67.2% ± 10.7% considering only the member stars with spectral types of
M6 or earlier (to make the list comparable among the full set of clusters). Because the number of qualified excesses
is high, the difference in these two calculations is not large and would have no effect on our conclusions. A similar
situation will obtain for all the young clusters, where membership identification is complex because of extinction. That
is, making a valid identification of sources with excesses within the adopted membership list is important, but within
this constraint our study is relatively robust against different approaches to identifying the members of the young
clusters.
NGC 1960: At a distance of 1.32 kpc, the age determined for NGC 1960 ranges from ∼16 Myr (Sanner et al. 2000),
∼20 Myr (Mayne & Naylor 2008; Bell et al. 2013), to ∼25 Myr (Sharma et al. 2006). Since there is no significant
difference between the two age scales for clusters older than 15 Myr, we adopt the age of 23 Myr from Soderblom et
al. (2014) based on the lithium depletion boundary, consistent with other independent estimates (Jeffries et al. 2013)
(we use this single age scale for all the clusters in this age range). The cluster membership list used in this work,
including 132 stars, is the combination of the two lists in Smith & Jeffries (2012). The membership identification is
based on optical color, proper motion, lithium abundance, and radial velocity. However, two members (2 195 and
2 277 in Smith & Jeffries 2012) are off the MIPS image and excluded from this analysis.
NGC 2232: NGC 2232 is a young cluster in the Gould Belt. Independent papers suggest an age of 25 Myr (Lyra
et al. 2006) or 32 Myr (Silaj & Landstreet 2014), and a distance of ∼350 pc. We use the list of 209 members of the
cluster, identified with X-ray activity, spectroscopy, proper motion, and optical and near-infrared colors (Currie et al.
2008b).
NGC 2244: NGC 2244 is the well-studied core open cluster in the Mon OB2 association, located in the Rosette
Nebula 1.4 kpc away from the sun (Hensberge et al. 2000), and with a traditional age of ∼2 Myr (Hensberge et al. 2000;
Park & Sung 2002). This value agrees with the revised estimate (Bell et al. 2013), and we adopt it. We constructed
a membership list based on X-ray detection, IR excess, proper motion, optical color selection, and a cut-off in the
clustrocentric distance. The details are given in Appendix B.
NGC 2362: At a distance of 1.48 kpc (Moitinho et al. 2001), NGC 2362 is centered on the O9 Ib star τ CMa and
is ∼3 pc in radius (Dahm & Hillenbrand 2007). The age is ∼5 Myr on the traditional scale (Balona & Laney 1996;
Moitinho et al. 2001; Dahm 2005), and on the revised scale is 12 Myr (Bell et al. 2013). We combined the two member
lists in Dahm & Hillenbrand (2007), based in the first case on X-ray detection, lithium abundance, and Hα emission
and in the second on optical photometry, for a total of 330 stars.
NGC 2547: This is a well investigated cluster. The X-ray observations, main sequence turn-off, lithium abundance,
and optical color together suggest an age of ∼38 Myr, and a corresponding distance of ∼360 pc (Gorlova et al. 2007,
and the references therein). Soderblom et al. (2014) find an age of 35 Myr from the lithium depletion boundary. We
adopt Table 1 in Gorlova et al. (2007) for highly probable photometric members, but exclude all stars with no proper
motion measurements or with the measured proper motions outside 2-σ from that for the cluster. Finally, there are 311
stars left in our final membership list. This number agrees very well with the member selections by Irwin et al. (2008),
who found ∼800 photometric member candidates of NGC 2547 in a comparable sized field of view, and expected ∼330
of them to be real members based on simulations. Therefore, we estimate our membership list to be practically free
of contamination. The photometry in this work is based on the mosaic image of all observations (Gorlova et al. 2007;
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Forbrich et al. 2008).
IC 348: The open cluster IC 348, at a distance of ∼ 300 pc, is rich in late type stars (see Herbst 2008, for a
general review). Traditionally thought to have an age of ∼2.5 Myr, Bell et al. (2013) revise this value to be as old
as ∼ 6 Myr. As might be expected from its severe and highly variable extinction in the visible regime, IC 348 has
a complicated nebulous background at 24 µm. We took members from Lada et al. (2006) and Muench et al. (2007),
excluding Table 2 in Muench et al. (2007) that may include interlopers. The list includes 339 stars, and is expected
to be largely unbiased since a number of criteria are employed, including proper motion, lithium abundance, surface
gravity, photometric extinction, and emission lines. We have compared this list with the one recently published by
Luhman et al. (2016) and find virtually complete agreement except for a much larger number of late M and brown
dwarfs in the newer list; these are excluded from our analysis in general to make the lists comparable among the full
set of clusters.
IC 2395: The galactic cluster IC 2395 is ∼800 pc from the sun and its age was previously estimated to be ∼6 Myr
(Claria´ et al. 2003); on the revised age scale, it is about 9 Myr (Balog et al. 2016). The membership list of 280 stars,
and a study of the excesses in this cluster, are discussed in Balog et al. (2016). Members have been identified through
proper motion and radial velocities, in addition to photometry.
IC 4665: A cluster at ∼370 pc, IC 4665 has an age of 25 Myr indicated by its lithium depletion boundary (Manzi
et al. 2008; Soderblom et al. 2014). Smith et al. (2011) have a thorough membership list based on radial velocity,
proper motion, spectroscopy, and optical color.
Chamaeleon I: For Chamaeleon I, we adopt the membership list from Luhman (2008) based primarily on spec-
troscopy and the Spitzer/IRAC and MIPS photometry from Table 7 in Luhman et al. (2008). For our purpose of disk
census at 24 µm, only stars with both 3.6 and 24 µm photometry were retained. We adopt 6±1 Myr as the revised age,
as Chamaeleon I members are nearly indistinguishable in color-magnitude diagrams with members of IC 348 and σ
Ori (Luhman 2007; Luhman et al. 2010), while the latter two are 6 Myr old based on the pre-main sequence isochrone
model (Bell et al. 2013). On the traditional scale, an age of ∼ 2.6 Myr has been estimated (Luhman et al. 2008).
Orion OB1: Orion OB1 is a nearby OB association with a clear age sequence. In this work, we consider two of its
subgroups separately: Ori OB1a and OB1b. The former, around the 25 Ori cluster, appears older and closer to us at
7-10 Myr and ∼330 pc; while the latter is younger and farther with an age of 4-6 Myr at ∼440 pc on the traditonal
scale (Bricen˜o et al. 2005, 2007). The revised ages are ∼ 15 Myr for OB1a and ∼ 9 Myr for OB1b (see discussion
in Balog et al. 2016). Bricen˜o et al. (2005, 2007) provided good membership identifications for both subassociations,
based on optical and infrared color, spectroscopy including lithium depletion and Hα emission, and radial velocity. We
used these membership lists with 115 confirmed members in OB1a and 106 in OB1b. Herna´ndez et al. (2007b) gave
the optical photometry for 106 additional member candidates in both subassociations. However, as they estimated
that ∼50% of the candidates could be interlopers in OB1b, we discard these candidate members altogether to ensure
contamination-free membership lists.
Taurus star-forming region: The Taurus star-forming region is one of the closest to the sun of its kind (Kenyon et
al. 2008). In this work, we take the membership list in Luhman et al. (2010) with existing IRAC and MIPS photometry
in their Table 4 and 6, respectively. For the stars with photometry at multiple epochs, we adopt the average. This
accounts for all relevant Spitzer observations during the cryogenic mission. Our adopted age of 3.5 Myr (Rees et al.
2015) on the revised scale is consistent within the errors with the estimate of 2.5 Myr from surface gravity dating of 10
solar-mass pre-main sequence stars (Takagi et al. 2014). The traditional age estimate is 1.5 Myr (Barrado y Navascue´s
& Martin 2003).
Tucana-Horologium, Columba, Carina, and Argus Associations: These are largely independent stellar
associations defined based on their common spatial motion, age, and distance (e.g., Zuckerman & Song 2004; Torres
et al. 2008). Here we combine them as one group because of their similar ages of about 40 Myr (Zuckerman & Webb
2000; Torres et al. 2008). The membership lists used in this work are taken from Table 3 in Malo et al. (2013), which
are based on Bayesian analysis of the kinematics and the IC- and J-band magnitude/color of the stars, and should be
unbiased towards disk presence.
Upper Scorpius: Upper Sco is the youngest group in the Sco-Cen association at an average distance of ∼140 pc.
Upper Sco, with a traditional age of 5 Myr old and a revised value of ∼11 Myr (Pecaut et al. 2012). MIPS can reach
the stellar photospheres of all the member stars at 24 µm down to late types (∼M5, Carpenter et al. 2009). The
membership list we use has 237 stars, consisting of 220 member stars in Carpenter et al. (2009), supplemented by 17
stars in Chen et al. (2011). The members are selected based on proper motion, optical colors and X-ray activity, and
should be unbiased with respect to disk presence (Carpenter et al. 2009).
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Upper Centaurus-Lupus and Lower Centaurus-Crux: UCL and LCC are the other two major subassociations
in Sco-Cen. Their age estimates are ∼15 and 17 Myr, respectively (Mamajek et al. 2002), both significantly older than
Upper Sco. Given their identities in the same OB association and the similar ages, here we treat them like one single
group. We use the membership list in Chen et al. (2011) that only focuses on F- and G-type stars. The membership
identifications are based on proper motion, radial velocity, and spectroscopy and lithium abundance.
β Pictoris Moving Group: The BPMG is a group of young stars close to the sun with consistent spatial motion.
The age was estimated to be ∼12 Myr (Zuckerman & Song 2004), but Soderblom et al. (2014) argue from the lithium
depletion boundary that 21 Myr is more likely, consistent with the result of Binks & Jeffries (2014), which we adopt.
We drew our membership list from the literature (Zuckerman & Song 2004; Torres et al. 2006; Rebull et al. 2008;
Torres et al. 2008; da Silva et al. 2009; Le´pine & Simon 2009; Viana Almeida et al. 2009; Rice et al. 2010; Schlieder
et al. 2010; Kiss et al. 2011). However, we do not use the members identified by Moo´r et al. (2006), because they
used infrared excess as the selection criterion so the results could be biased towards disk-bearing stars. The final list
includes 63 members, where the secondaries in resolved binary or multiple systems are not counted. These BPMG
stars are not all covered by MIPS data. For internal consistency, we use WISE W4 (effective wavelength 22 µm,
Jarrett et al. 2011) as the substitute to take advantage of the proximity of the group. Given its similar wavelength
and spectral response, the results from WISE W4 should be directly comparable with the MIPS 24 µm outcomes. We
adopt the W4 photometry in the AllWISE Source Catalog for most sources, but also carry out aperture photometry
for stars with saturated pixels or χ2 > 3 in PSF-fitting (non-point sources, presumably with resolved disks). The only
exception is HD 322990, which is not bright enough at W4 to be detected by WISE. Fortunately, this star was detected
in a Spitzer/MIPS 24 µm Galactic plane survey image (AOR 20500480). We use the MIPS 24 µm photometry as a
substitute for the missing WISE W4 detection.
ρ Ophiuchi star-forming region: At ∼120 pc, ρ Oph is one of the nearest star-forming regions and is well studied
(Wilking et al. 2008). Many newborn stars near the young core region are deeply embedded in dark nebulae with
severe extinction (Evans et al. 2003). In this work, we adopt an unbiased, extinction-limited membership list of 135
stars in the outer fringe population from Table 3 in Erickson et al. (2011), identifed through optical spectroscopy. The
corresponding Spitzer photometry is pulled from the c2d catalog (Evans et al. 2003, 2009) through VizieR. We retain
all 130 stars that have MIPS 24 µm photometry. Most (123) of these stars also have robust photometry at IRAC 3.6
µm, which we use to derive the photospheric output at 24 µm. For those that are not observed at 3.6 µm by IRAC
or have poor photometry, we use 2MASS Ks photometry as the substitute by considering the differential extinction
between Ks and 24 µm (Flaherty et al. 2007). This population is slightly older than the embedded star formation core
with an estimated average age of 3.1 Myr on the traditional age scale (Erickson et al. 2011). In this work, we adopt
an average age of 4.5± 1.5 Myr on the revised scale.
B. MEMBERSHIP IDENTIFICATION FOR NGC 2244
For NGC 2244, we assembled a list of member candidates from the Chandra X-ray survey (Wang et al. 2008),
complemented by Spitzer/IRAC observations (Balog et al. 2007). First, we merged all sources detected in either
X-rays or with IRAC into one catalog, which is then matched to the 2MASS catalog (2MASS, Skrutskie et al. 2006)
for JHKS counterparts and accurate positions. We allowed a radius of 2” in all coordinate matches to accommodate
astrometric errors. For stars with more than one candidate identification, we selected the closest; if there was no
2MASS counterpart, the IRAC position (Balog et al. 2007) was adopted. All stars detected in both the infrared and
X-ray are considered as viable member candidates. We extrapolated the IRAC 3.6 µm flux densities to 8.0 and 24
µm via the Rayleigh-Jeans approximation. A source was also considered a cluster member candidate if its flux was at
least twice the extrapolated photospheric value in at least one of the two wavebands.
The member candidates were then screened for appropriate photometric properties and proper motions. Ogura &
Ishida (1981) obtained optical photometry in NGC 2244 down to V ≈ 14 and found ∼ 170 members within a total of
∼ 400 stars. We rejected all candidate members that were questionable from the optical photometry. Marschall et al.
(1982) used proper motion measurements on photographic plates taken from 1914 to 1974 to determine membership
probabilities. Sabogal-Mart´ınez et al. (2001) applied an improved proper motion distribution model to the best
measurements (quality flag 9 or 10) in the same data; we use these results. The UCAC2 catalog (Zacharias et al.
2004) also covered the field of NGC 2244 with proper motion measurements, which were utilized by Dias et al. (2006)
for membership probabilities. Finally, membership probabilities were derived by Chen et al. (2007) with independent
observations of the field down to B ≈ 16 from 1963 to 1999. The membership probabilities obtained in different
proper motion studies agree with each other for many of the stars, but there are also discrepancies. We required our
final “cluster members” to have membership probability > 50% in all studies. Objects that failed these tests were
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still retained if they fall within 9′ of the cluster center at R.A. = 6h31m58s and Dec. = +4◦54′51′′, where there is
a concentration of Class II objects found by Balog et al. (2007) with IRAC observations. This position is in good
agreement with the center found in X-ray (Wang et al. 2008) and 2MASS JHKS bands (Li 2005). The distance cutoff
at 9′ is consistent with the radial profile of the cluster (Li 2005). Our final membership list in Table B1 includes
718 stars, of which 369 have IRAC detections (Balog et al. 2007). We plot the member and non-member stars in
Figure B.1, and compare their surface number densities in Figure B.2. As expected, the surface density of member
stars decays with the clustrocentric distance, whereas that of non-member stars remains nearly constant at a low level.
26 Meng et al. 2016
Figure B.1. Field of NGC 2244. Cluster members with and without IRAC 3.6 µm detection are represented by filled and open
circles, respectively. The large cross labels the cluster center mentioned in the text. Grey pluses are non-member stars.
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Figure B.2. Surface density of identified members and non-members of NGC 2244. The error bars represent 1 σ values calculated
with
√
N .
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Table B1. Final Membership List of NGC 2244
IDa Catalog IDb R.A. (deg) (J2000.0) Decl. (deg) (J2000.0) AKs
c Cross-linkd
1 W8 / B16 97.836969 4.834407 0.16 M84=C9=OI84
2 W26 / B42 97.856241 4.881617 0.23
3 W27 / B43 97.857540 4.970587 0.60 PS10
...
...
...
...
...
367 B821 98.145636 4.744226 0.38 M279=C67=OI279
368 W899 / B959 98.215799 4.787823 0.26 M334=C205=OI334
369 B992 98.247407 4.939592 0.15 M354=OI353
· · · W16 97.849656 4.924812 · · ·
· · · W18 97.850911 4.877090 · · ·
· · · W19 97.851761 4.884842 · · ·
...
...
...
...
...
· · · W793 98.107374 4.973113 · · ·
· · · W820 98.125221 4.957283 · · ·
· · · W821 98.125333 4.981250 · · ·
aFor member stars with IRAC detections. Members with X-ray detections only are listed at the bottom
without this running ID.
bStar sequence in B = Balog et al. (2007), W = Wang et al. (2008).
cTotal extinction in 2MASS Ks band.
dStar sequence in M = Marschall et al. (1982), D = Dias et al. (2006), C = Chen et al. (2007), OI = Ogura
& Ishida (1981), PS = Park & Sung (2002)
(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown
here for guidance regarding its form and content.)
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C. FILTERING OUT BAD PHOTOMETRY ON COMPLICATED SKY BACKGROUNDS
Many young open clusters are superimposed on highly nonuniform sky backgrounds at 24 µm. Visual inspection is
usually employed for identification of sources where the background is well-enough behaved that reliable photometry
can be obtained. However, this approach favors bright sources that stand out against the background structure, and
therefore is biased toward high mass stars and stars with large 24 µm excesses. To obtain an unbiased sampling of the
24 µm behavior of members of a cluster requires that the bad photometry be filtered out in a way that does not bias
the sample; that is, on the basis of the background behavior alone, with no influence from the properties of the star.
This appendix discusses our approach to this challenge.
We have developed a digital filter to reject unreliable photometry. The concept is similar to the filter used by Megeath
et al. (2012), with some additional criteria to make the screening more selective. We take IC 348, a cluster with a
complicated background, to test and tune the filter. Several metrics describing the sky pixel statistics were tested;
in the end, we settled on three of them. For each of the cluster members, we compute the normalized value for the
following three parameters. The first is the average sky brightness, determined by computing the intensity-weighted
means of the sky pixel values in sky annuli around a source. We used different sky annuli for different clusters and the
choices are listed in Table 1. The second is the skewness of the distribution of the sky pixel values, defined within the
sky annuli around the sources. A well behaved background region should show a normal distribution of noise. The
third is the gradient of the local sky brightness in a star’s surrounding area, measured for convenience on the basis
of the signals in four small (4 pixels in radius) circular regions surrounding the star (ten pixels distant in each of the
cardinal directions).
The three parameters are expected to be mutually independent. Therefore, we make each of them a dimension
within a three dimensional Cartesian parameter space. Since each of the three dimensions has a different unit, we
define a scalar threshold in “distance” in the parameter space by dividing each by its median for a particular cluster
(we do not use the means because they are more easily affected by a relatively small number of extreme values). To
evaluate the reliability of the photometry of individual stars, we define a virtual distance in the parameter space as
D =
√√√√ 3∑
i=1
d2i , (C1)
where di is the i-th dimensionless parameter. Stars with relatively small values of D are on clean and well-behaved
backgrounds and should have the most reliable photometry. In few cases, one of the parameters has a much wider
distribution after normalization, therefore, it dominates the D space. We then adjust the parameter by multiplying
all values in that dimension by a suitable constant (see Figure C.1 for an example).
We calibrated this filter on a sample of stars in IC 348 that were first evaluated visually to set plausible image
detection limits. We obtained aperture photometry for the cluster and looked for stars measured only at a low ratio of
signal to noise (< 8 in the case of IC 348; clusters with cleaner backgrounds allowed lower signal to noise thresholds)
but that were measured to be brighter than the image detection limits. A properly tuned digital filter should reject
these cases. We defined the cutoff threshold in D at the largest value yielding none of these cases, i.e. examples of
stars with poor signal to noise but apparent signals above the image detection limit. Figure C.1 shows the distribution
of sources below the signal to noise threshold (8) in IC 348 in each of the three filter parameters. Only stars with
D below the threshold above which false detections began to occur were accepted into our study. We confirmed the
operation of the filter by manually inspecting each star that passed its test.
A problem with the filter is that it occasionally rejects very bright stars where the stellar PSFs extend at significant
levels to the sky annuli and raise the mean brightness therein. Such stars are rare (< 2%) of the accepted stars in
general; we recover them manually. The recovered stars are selected carefully to minimize the risk of introducing any
bias: only very bright stars (≥ 15 mJy) on low and clean background with non-rejected stars nearby are recovered.
Since the number of such stars is much fewer than the filtered population in each cluster, the manually recovered stars
do not significantly influence our conclusions even if some of them were recovered inappropriately.
Since the parameter space and distance cutoff threshold are defined only on the brightness and distribution of sky
background, our method should be neither subject to arbitrary human visual selection, nor biased by any source
properties. Hence, it only scales down the sample size for each cluster, but should introduce no selection effects.
We ran the following simulation to demonstrate the validity of the filtering with a complex field background. We
based this simulation on the epoch 1 image of IC 348. Since IC 348 has the most complicated 24 µm background
in all the clusters analyzed in this paper, it provides a worst-case test. The simulation gives us confidence in both
the photometry of individual sources and also the ability of the filter to identify the sources where it is acceptable to
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consider the noise (positive and negative) to be unbiased.
We made five runs of simulations. For each run, we generated a group of log-normally distributed random numbers
as the 24 µm flux densities of the simulated fake stars. Each fake star was place at random image coordinates. The
PSF for the fake stars was the same one that was used to extract our PSF-fitting photometry. The field of IC 348 is
not crowded by detected stars at 24 µm. This leads us to avoid adding too many fake stars in a single run, because
that would make a larger number of overlapped PSFs, and potentially induce larger photometric error than in the
original field. After a few tests, we finally chose 200 fake stars for each run, making the total number of test fake stars
1000. We reduce and analyze the simulated image of each run like a new cluster by applying identical procedures as
for the real cluster. This includes taking the simulated fake star coordinates as the initial guess for star positions,
allowing a maximum shift of 2′′ for source matching, making PSF-fitting photometry, applying the filter, and finally
visually inspect the image. Finally, 610 stars pass the filtering process.
After going through the entire data reduction procedure, our photometry was compared against the brightness of
the fake stars. Since the photometric errors may be correlated with the brightness of the stars, the comparisons were
evaluated in units of σ (the nominal photometric errors), rather than in units of flux density. The outcomes are shown
in Figure C.2. For the unfiltered case, the wide distribution in units of σ indicates that the photometric errors have
been statistically underestimated, probably because the algorithm for error estimation did not work well with such
complicated nebulous background. Nevertheless, we find a significant asymmetry in the photometric error distribution
in the original 1000 fake stars. The mean bias is +2.2-σ brighter than the input values, with a skewness of 14.1.
However, after applying the filter, the retained population of 610 stars has a mean bias of +0.4-σ and a skewness of
0.8, which is essentially symmetric with respect to 0.
In addition, this result supports our assumption of symmetry in the noise, allowing the extraction of excess positive
signals on a statistical basis even if they are below the threshold for individual detections. This conclusion holds
because we applied this test at the positions of cluster members identified at shorter wavelengths, but only if they
passed the screening for well-behaved background using the digital filter.
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Figure C.1. Distribution of the filter parameters and the “distance” of the stars in IC 348, epoch 1. The filled histogram shows
the numbers of stars with measured fluxes less than the detection limit, while the open one is for cases where the measured
flux is > the detection limit. With the secondary sample, measured flux greater than the detection limit means unreliable
photometry. Panels are for the distribution of a) normalized sky brightness; b) normalized skewness of sky pixel values; c)
normalized sky background gradient; and d) distance in the parameter space. The values of the normalized sky brightness are
doubled by introducing a coefficient of 0.5 to the original distribution median to make it a comparable range with the other two
parameters. For valid photometry, the cutoff threshold in distance is 1.85 for IC 348 (stars with distance > 1.85 are rejected in
panel d).
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Figure C.2. Distribution of errors, in units of σ, from comparing the extracted values with the input ones in the fake star
simulation. The distribution for the unfiltered sample (full box heights) is significantly skewed toward the positive side, partic-
ularly apparent above 5 σ. The unfiltered sample also has some cases falling outside the plotted range. However, the filtered
population (overplotted shadowed areas) has a near-symmetric distribution. For this test, σ was computed on a per-pixel basis;
since the data subsample the native pixels into four equivalent ones, the nominal errors are half the values that would apply
to photometry and hence the plotted distributions are indicated at twice as many σ as would be found for standard deviations
applied to photometry.
